We studied the thermal diffusion behavior of equimolar mixtures of hydrocarbon chains in cyclohexane, p-xylene and o-xylene experimentally and by reverse nonequilibrium molecular dynamics.
I. INTRODUCTION
In a binary mixture exposed to a temperature gradient, the Soret effect induces a concentration gradient. ∇x = −S T x(1 − x)∇T.
(1) Although the discovery of the effect by Ludwig took place more than 150 years ago, there is so far only a limited microscopic understanding for liquids 1 . Apparently, the magnitude as well as the sign of S T are very sensitive to the chosen mixture. Generally, there is no Soret effect in the mixture of absolutely equal components due to the principle of symmetry. The Soret effect is basically the response of the system to the difference between two mixing partners. This simple conception was investigated in detail by experiments and by simulations.
Molecular dynamics simulations of equimolar mixtures of particles 2 and spherical molecules 3 show that the component with the larger mass, the smaller radius and the larger depth of the interaction potential moves to the cold side. In our previous work 4 we have shown experimentally and by reverse non-equilibrium molecular dynamic simulation (RNEMD) that the binary mixtures of simple molecules (tetraethylsilane, di-tert-butylsilane and carbon tetrabromide in carbon tetrachloride) obey this rule of thumb.
Another large group of substance studied are the hydrocarbons which have been investigated experimentally and theoretically [5] [6] [7] [8] [9] [10] [11] . However, for alkane/benzene mixtures 8 the simple rule of thumb fails. The heavier linear alkane always moves to the warm side. This tendency becomes weaker with increasing degree of branching and the highly branched isomer of heptane (2,2,3 -trimethybutane). The trend that linear alkanes have the strongest tendency to move to the warm side had already be observed by Kramers and Broeder for nnonane and n-hexadecane 5 compared to other hydrocarbons, such as the branched isooctane and one and two ring compounds.
The thermal diffusion behavior of linear alkanes is well described by a simple lattice model (SLM) 8 . At the same time the SLM is not capable to describe the thermal diffusion behavior of branched alkanes because their thermodynamic parameters such as density, heat capacity and thermal expansion coefficient are not sensitive to the degree of branching.
Recently, we investigated the influence of the degree of branching by RNEMD simulation 12 .
The simulated Soret and mutual diffusion coefficients reproduce the experimental trend.
However, the simulated values of S T values are systematically ≈ 3 × 10 −3 K −1 lower than in the experiment. The observed decrease of the magnitude of S T for equimolar alkane/benzene mixtures with branching of the alkane can not be explained by mass and size effects. The effect of the molecular shape, which affects the liquid structure, as well as kinetic properties of the mixture, needs to be considered additionally. We have, however, not found a simple relation to take branching or, more generally, molecular shape, into account.
In this paper we extend our work by considering hydrocarbon/aromatic compound mixtures. Benzene was replaced by cyclohexane and two xylene isomers (p-xylene and o-xylene).
As a solute we used heptane, two of its isomers 2,3-dimethylpentane (2,3-DMP) and 2,4-dimethylpentane (2,4-DMP). Experiments were performed using the thermal diffusion forced Rayleigh scattering technique. The experimental results were compared with RNEMD simulations. Additionally, we investigated the effect of intramolecular flexibility using RNEMD by introducing two double bonds for 2,3-DMP and 2,4-DMP e.g. considering two alkadienes: 2-methyl-3-methylenepent-1-ene (2,3-DMPEN) and 2,4-dimethylpenta-1,3-diene (2,4-DMPEN), respectively.
II. EXPERIMENTAL DETAILS A. Sample preparation
Heptane, o-xylene (98%) and p-xylene (98%) were purchased from Fluka; 2,3-dimethylpentane (99%) and 2,4-dimethylpentane (99%) were ordered from Aldrich; cyclohexane (99.9%) we got from LiChrosolv. µm filter (hydrophobic PTFE) into an optical quartz cell with 0.2 mm optical path length (Helma) which was carefully cleaned from dust particles before usage.
B. Refractive index increment measurements
In order to determine the changes of the refractive index n with composition x at constant pressure P and temperature T , (∂n/∂x) P,T , for each hydrocarbon/aromatic ring compound mixture we measured the refractive index at different concentration around the equimolar mixture with an Anton Paar RXA 156 refractometer. The slope (∂n/∂x) P,T was then determined by linear interpolation. The temperature derivatives at constant pressure and composition, (∂n/∂T ) P,x , were determined from measurements with a Michelson interferometer 13 in a temperature range of 3
• C above and below the temperature of the TDFRS experiment.
C. TDFRS experiment and data analysis
In our thermal diffusion forced Rayleigh scattering (TDFRS) experiments, the beam of an argon-ion laser (λ w =488 nm) is split into two writing beams of equal intensity which interfere in the sample cell (see Ref. [14] for a detailed description of the method). A small amount of dye is present in the sample and converts the intensity grating into a temperature grating, which in turn causes a concentration grating by the effect of thermal diffusion. Both gratings contribute to a combined refractive index grating, which is read out by Bragg diffraction of a third laser beam (λ r =633 nm).
The intensity ζ het (t) of the signal depends on the transport coefficients and the index of refraction increments and may be expressed as
where q is the grating vector, whose absolute value is determined by the angle θ between two writing beams and the wavelength λ w :
For the determination of the transport coefficients, Eq. (2) is fitted to the measured heterodyne signal using the independently measured contrast factors (∂n/∂x) p,T and (∂n/∂T ) p,w .
III. COMPUTATIONAL DETAILS
Reverse nonequilibrium molecular dynamics (RNEMD) method has been applied to in- For alkanes, alkedienes and cyclohexane we used the TraPPE-UA 16,17 force field. All CH n groups were treated as individual atoms without taking into account electrostatic interactions. We would briefly like to mention the differences between the force fields for alkanes and alkedienes. For the CH 2 and CH 3 groups present in both alkane and alkediene we used the same Lennard-Jones parameters. The difference in shape due to the double bond we took into account by appropriate new LJ parameters of sp 2 geometry 17 , angle and bond length changes, which lead to the expected different specific volume for alkediene compared to alkane. Only constrained bonds were used in the simulation, which were kept rigid by the SHAKE algorithm 18, 19 . For the electrostatic interactions, the reaction field method has been used with a dielectric constant of 2.06 which is the average value of the alkanes and the xylenes. We found a good agreement between simulated and experimental values for the density, heat of vaporization and self diffusion of the xylene molecules (c.f. Table I) . Unfortunately, we could not find any reliable experimental values for the self diffusion coefficient of o-xylene but it is in the same order of magnitude as for benzene molecule 15 .
All simulations were performed using the program YASP 23, 24 with periodic boundary conditions in all directions. The time step was 2 fs. The nonbonded cutoff was 1.2 nm for the neighbour list and 1.1 nm for the interactions. The neighbour list was updated every 15 time steps. The temperature and pressure were in equilibrium molecular dynamic simulations kept at 298 K and 101.3 kPa using the Berendsen method with coupling times of 0.2 ps for the temperature and 5 ps for the pressure. For every system, the equilibration was performed for at least 4 ns. After this period, the fluctuations of the total energy and density over 500 ps were in all cases below 2%. Then, the cell was replicated three times in the direction of temperature gradient (in our case is z direction, means L x =L y =L z /3 ≈ 4 -4.2nm).
All RNEMD simulations were performed at constant NVT conditions with 960 molecules in the simulation box. The periodic system was divided into 20 slabs. The average temperature was kept at 298 K. The temperature gradient was created by exchanging every N = 100 steps the center of mass velocity vector of two molecules ("coldest" molecule in the The obtained results can be analyzed within a phenomenological conception proposed by In order to determine the heat affinities an overestimated linear equation of the form
has to be solved. − → σ and − → S T are vectors consisting of the heat affinities and Soret coefficients of the different solvents and M is a matrix consisting of 1, -1 and 0 combining the corresponding solvents with their Soret coefficients and heat affinities. In order to determine the heat affinities we have to rewrite the equation system. The heat affinities are only determined up to an arbitrary constant, which we have chosen to be zero for o-xylene, the substance with the lowest tendency to move to the warm side. The substance with the largest affinity to the cold is the asymmetric heptane. The calculated Soret coefficients are perfectly described by a straight line through the origin with a slope of 0.99±0.03.
Our serie of heat affinities shows parallels with the logarithm of the separation factor S given by Kramers and Broeders 5 . Also they found the lowest values for "log S" for the two linear alkanes n-nonane and n-hexadecane followed by the branched iso-octane, one ring compounds (xylene, ethylcyclohexane, p-cymene) and two ring compounds (isopropylnapthalene, α-methylnaphtalene). At the same time, it is clear that the observed "parallel shift" of the curves (c.f. Fig. 2) with the substitution of the solvent (benzene, cyclohexane, p-or o-xylene) is related to the physical properties (difference in mass and moment of inertia) of the cyclic components. As a simple approach we related the heat affinity with the product of heat of evaporization ∆H vap and the density ρ, the mass and the ratio of the largest to the smallest moment of inertia.
The first term should account for the chemical contribution, the second term for the mass and the last term for the asymmetry of the molecule. The expression of the chemical contribution will certainly break down in the case of polar substances, but it might also loose its validity, if one considers other solvents. Also the contribution of the asymmetry of the substance becomes difficult in the case of larger and more flexible molecules.
The black round symbols in the lower right part in Fig. 3 show the correlation of σ and σ calc according to Eq. 8 with γ = 1.74×10 −4 mol cm 3 /(kJ g K), α = −6.57×10 Finally, we would like to point out that we did not consider excess effects in Eq. 4 and 8, which play an important role in the thermal diffusion behavior of liquid mixtures 30 . Due to the limited number of equimolar mixtures studied we were also not able to account for a change in composition. Whether this simple approach according to Eq. 8 holds also for other nonpolar systems needs to be investigated in the future for a large number of systems. 
B. Simulation
Additionally, we performed also simulations for the experimentally investigated mixtures.
In order to study the influence of the rigidity of bonds we included also 2,3-DMPEN and 2,4-DMPEN. Fig. 4 shows a typical temperature and mole fraction profiles for equimolar mixtures of heptane in p-xylene. These profiles were found to be linear, so that the temperature and the concentration gradients can be easily calculated. The average fluctuation of the concentration is 8% and the temperature variation is 2K in each slab. the simulations predict a larger separation of the compounds compared to the experiment.
In same cases such as 2,3-DMP/heptane the values differ by a factor of 2, but nevertheless the branching effect is also clearly visible in the simulations. If we look at the influence of the rigidity of bonds on the Soret coefficient by comparing the results for alkedienes and alkanes, we notice are stronger tendency for the alkedienes to move to the warm side. In order to gain a better understanding further investigations of the thermal diffusion on a microscopic level and a detailed molecular dynamic analysis of the orientation dynamic in equilibrium and non-equilibrium will be necessary. The goal will be to identify the important parameters and properties, which have the largest influence on the thermal diffusion behavior.
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